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Abstract 
Hydrogenated amorphous silicon (a-Si:H) layers deposited by chemical vapour deposition provide an attractive route to achieve 
high performance crystalline silicon (c-Si) solar cells due to their deposition at low temperatures and their superior passivation 
quality. A post-deposition annealing of such layers typically enables a further strong reduction in defect states at the a-Si:H/c-Si 
interface, due to the saturation of dangling bonds by atomic hydrogen.  
In this work, we present the evolution of the effective lifetime during annealing at different temperatures. We find that at lower 
deposition temperatures (150°C) the high density of Si-H2 bonds in as deposited layers results in higher defect density and worse 
passivation quality. In contrast, deposition at higher temperatures (200°C) leads to a structural improvement of the short range 
order in the a-Si:H layer and a decrease of the disorder in the film network. The presence of a dense material mixed with a 
fraction of SiH2  at the interface favors further improvement of the passivation during a post-deposition anneal, resulting in the 
best case in an effective lifetime of 10ms. 
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1. Introduction 
Surface passivation is a key issue for energy conversion efficiency improvements of crystalline silicon (c-Si) 
based solar cells. It is well known that deep trapping sites (i.e., dangling bonds) at the c-Si surface act as 
recombination centers for photogenerated carriers from the base wafer [1,2,3,4]. For this purpose, intrinsic 
amorphous silicon ia-Si:H passivation layers deposited by chemical vapour deposition have been shown to be an 
attractive candidate due to low thermal budget and superior capability of surface defect reduction [1,5]. Interpreting 
the changes in film structure upon post-deposition annealing appears to give a better insight in the passivation 
quality than simply observing the as deposited condition. Several groups have investigated that post-deposition 
annealing is beneficial for the passivation quality of an abrupt a-Si: H/c-Si surface [3,6]. On the other hand, 
annealing can also have a detrimental effect in the case of defective epitaxial growth, leading to lower effective 
lifetime [7,8]. It is plausible that the optimal deposition temperature is strongly process and equipment dependent 
[9]. 
 
In this work, we report the combined monitoring of thermal, structural, and electrical properties of intrinsic 
amorphous silicon layers as deposited and after annealing on n-type (100) c-Si. Moreover, we try to establish links 
between the passivation quality, growth mechanism and electronic and material properties. In the light of this study, 
a mechanism for the defect reduction upon annealing and, thus, lifetime improvement was proposed. 
2. Experimental details 
Layers of (30nm)-thick intrinsic a-Si:H were deposited on both sides of n-type (100) Float Zone substrates (3-
5.cm, chemically polished, 200μm thickness) by means of Plasma Enhanced Chemical Vapor Deposition 
(PECVD) in an AK1000 Inline system of Microsystems. Prior to the depositions, the samples underwent an HF dip 
(HF/HCl/H2O: 1:1:20) for 2 minutes, rinsed in deionized water, and dried with N2 gun. The depositions were done 
in a temperature range of 150-200°C with a (SiH4:H2) ratio of (1:3) at a pressure of 2 mbar. After the deposition, the 
samples were annealed at different temperatures from (175 to 225°C) in an H2 environment at a pressure of         
2.5 mbar. Optical emission spectroscopy (OES) study was employed during deposition to monitor the emission 
intensities of Hα (656nm) and SiHכ (414nm)[10].
 
The effective carrier lifetime eff  was measured by Quasi Steady-State Photoconductance (QSSPC) [11]. The 
reported values are obtained at room temperature and at an excess carrier density of Δn=1015 cm−3. The hydrogen 
bonding in the films was characterised by Fourier Transform Infrared spectroscopy (FTIR) on a Nicolet system.    
The hydrogen concentration is obtained from fitting of the peak at 640 cm-1, while the Si-H and Si-H2 concentrations 
are estimated from the peaks at 2000 and 2100 cm-1, respectively [12]. Spectroscopic ellipsometry (SE) was 
performed on an F5 KLA-Tencor system, and the results were analysed using the Tauc-Lorenz model. The structure 
of amorphous silicon films was assessed by the Raman spectroscopy technique done on a Bruker tool. For 
Photoluminescence (PL) measurements, the 633 nm line of a HeNe laser was used as an excitation source in a Jobin 
Yvon tool. The laser light was chopped and focused onto the sample, which was kept inside a N2 flow cryostat at 
temperature of 77K. The chopped signal was detected with a thermoelectrically cooled InGaAs detector and 
amplified with a lock-in amplifier connected to the chopper signal. Transmission electron microscope (HR-TEM) 
micrographs were performed to inspect the a-Si:H/c-Si properties. 
 
 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the scientific committee of the SiliconPV 2014 conference
820   Hosny Meddeb et al. /  Energy Procedia  55 ( 2014 )  818 – 826 
3. Results and discussions 
3.1 Effective lifetime and a-Si/c-Si interface properties 
Figure1. shows the development of effective lifetimes during annealing for layers deposited at different 
temperatures. For the as-deposited layers, higher lifetimes are obtained for higher deposition temperatures Tdep. In all 
cases a significant improvement of the lifetime is observed during anneal. This can be considered as an indication of 
the absence of defective epitaxial growth at a-Si:H/c-Si interface in the deposited layers in this work even though 
epitaxial silicon deposition is frequently observed on Si (100) surfaces [7,13,14]. TEM micrographs in figure 2.  (a) 
and (b) depict an abrupt interface [2] for both high and low deposition temperature. The improvement can start 
already at anneal temperatures Tann<Tdep, but, it is more pronounced for higher anneal temperatures. As for long 
anneals at 225°C, a lifetime reduction is seen because of hydrogen effusion phenomenon [15]. The post-deposition 
anneal seems to be crucial for obtaining high minority carrier lifetimes, as it allows a significant reduction in defect 
states at the a-Si:H/c-Si interface.  
 
Fig. 1. Variation of lifetime of a-Si deposited at 150°C, 175°C and 200°C during annealing at different temperatures  
      
(a)                                             (b)                                                                                 (c) 
Fig. 2. Cross-sectional TEM images on mirror polished (100) featuring a film deposited at 150°C(a) and at 200°C (b) after 1h annealing at 200°C
PL spectra at low temperature 77k for a-Si films deposited at 150°C and 200°C after 1h annealing at 200°C (c) 
 
 Hosny Meddeb et al. /  Energy Procedia  55 ( 2014 )  818 – 826 821
Figure 2.(c) displays the results of  photoluminescence measurements of samples deposited at 150°C and 200°C. 
Laser light is absorbed by the c-Si wafer producing excited electrons and holes which can produce non-radiative 
recombination at a-Si/c-Si interface and bulk defects, in contrast to radiative recombination in the c-Si wafer [16]. 
Thus, the photoluminescence intensity reflects the electronic quality of the Si-wafer and the a-Si:H/c-Si interface. 
The spectra show a more intense peak for the higher deposition temperature. This result is consistent with the 
effective lifetime values shown in Figure 1. One can conclude that the configuration of intrinsic a-Si:H passivation 
layers imposed by the deposition temperatures systematically affects the properties and annealing behavior of the 
heterointerface. 
 
It is well known that the surface passivation can be achieved by two mechanisms: field effect which consists of 
minority charge carrier repulsion from the interface by fixed charges, and chemical passivation effect related to the 
reduction of recombination sites. Using an amphoteric defect model for a-Si:H/c-Si interface recombination [17], a 
correlation between effective lifetime values and the surface-state density (NS) was obtained (Figure 3). Higher 
deposition temperatures yield lower Ns values which keep decreasing until reaching a saturation region. Aluminium 
dots were evaporated on the amorphous silicon, and capacitance-voltage characteristics were measured. Our (C-V) 
measurements (not illustrated in this work) prove a constant fixed charge (QS) while passivation quality was getting 
improved [18]. Thus, we believe that the passivation mechanism is based on chemical passivation by hydrogen 
atoms rather than on field effect mechanism [15]. In other words, the enhancement in surface passivation quality 
during annealing is attributed to a considerable elimination of defect states at the a-Si:H/c-Si interface, due to 
saturation of dangling bonds by atomic hydrogen [19]. According to QSSPC modeling data, the best passivation 
quality was obtained for a surface dangling bond density (Ns) in the order of 108 cm−2. 
 
Fig. 3. Variation of surface defect density (Ns) during annealing at different temperatures for films deposited at 150°C and 200°C 
3.2 In-situ plasma diagnostics 
In this section, we examine the effect of deposition temperature on plasma emission in the ignition step, and we 
correlate the observations to the microstructure of the intrinsic a-Si:H layers. Figure 4. illustrates the emission peak 
related to the main species present in the mixture of SiH4 and H2 glow due to electron impact dissociation. Here, we 
mainly focus on the peaks corresponding to SiH* (414nm) and Hα* (656nm). We assume that these radicals are the 
crucial responsible for the structural properties of the a-Si:H film [10]. It is clear that a higher deposition 
temperature leads to higher peak intensities for both species. This large increase is probably due to improved 
dissociation of H2 and SiH4 precursor gases at higher temperatures. On the other hand, the ratio I Hα/ISiH*  decreases 
from almost 1.2 to 0.97 (less than 1) with increasing temperature.   
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Fig. 4. Optical emission spectra recorded in H2 /SiH4 miture gas glow discharge at inition step for two different deposition temperatures 150°C 
and 200°C  . We present mainly (a)  SiH* emission and (b) Hα* 
Several works dealing with the growth mechanism of a-Si:H film, demonstrated that the temperature range 
employed in this work is characterised by a random deposition with surface reactivity and the abstraction of the 
incoming silyl (SiH3) predominant radicals produced in the monosilane plasma [20,21]. 
 
It was reported that the void incorporation in the film is governed by the flux of the growth precursor to the 
surface as well as the surface reaction of the species [22]. This latter reactivity mechanism is known to be thermally 
activated, thus, low deposition temperature can induce nanosized voids due to insufficient SiH3 reactivity during the 
film growth [23]. In contrast, at higher temperatures the SiH3 easily sticks to dangling bond sites [24]. The reaction 
rate is affected by the SiHx surface composition. Therefore, it is estimated that more H atoms would be available at 
lower deposition temperature for the incorporation scheme rather than the contribution in radicals abstraction [21]. 
In the following part, we will be interested in proving this assessement. 
3.3 Hydrogen bonding 
Because the passivation quality depends significantly on hydrogen bonding in the film [3], we examined the         
a-Si:H film composition. Figure 5 (a) depicts the variation of optical gap energy for two different deposition 
temperatures before and after 1h post-deposition treatment. In both cases, Eg increases gradually with decreasing 
deposition temperature which often indicates higher bonded hydrogen content in the films [15]. The annealing 
treatment causes an additional increase in Eg. In Figure 5 (b) FTIR peaks corresponding to the total bonded 
hydrogen content at 640 cm-1 [25] increase with lowering the deposition temperature from 200°C to 150°C. 
According to these observations, hydrogen incorporation in the film that mainly affects SiH3 cross-linking [22] 
seems to be higher for lower temperature. It is also reported that disordered network incorporates more hydrogen 
than the ordered one [26].  
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Fig. 5. (a) Gap energy (Eg) variation with deposition temperature of intrinsic a-Si:H layers before and after after 1h annealing at 200°C  (b) FTIR 
spectra related total hydrogen content peak in a-Si:H film as a function of deposition temperature 
 
Fig. 6. Monohydride (Si-H) and dihydride (Si-H2) peaks deconvolution for different deposition temperatures  
Table.1. Summary of FTIR measurements on a-Si films at different deposition temperatures before and after 1h annealing at 200°C 
 
Tdep (°C) Total hydrogen content (a.u.) Microstructure factor Rmf 
 Before annealing After annealing Before annealing After annealing 
150 22.4 23.03 0.366 0.354 
175 21.52 21.85 0.282 0.279 
200 19.98 20.5 0.269 0.261 
 
It is well known that the silicon hydride bonding in a-Si:H layers changes drastically with increasing substrate 
temperature (from ̢SiH3 to =SiH2 to įSiH) [21]. In Figure 6 we present a gaussian fit for the stretching modes at 
2000 cm-1 and 2080cm-1 related to monohydride (Si-H) characterizingthe compact incorporation and dihydride 
(SiH2) peaks describing a cluster decorated with hydrogen respectively [25,27,28].   
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 The fraction of dihydride (SiH2) bonds drops progressively with increasing the deposition temperature. Table 1 
summarizes the hydrogen content as well as the microstructure factor calculated the fitting of FTIR peaks [29,30]. 
By increasing the deposition temperature, a lower bulk microstructure factor Rmf= ISiH2/ ISiH2+ISiH  is obtained. This 
is indicative of a layer with less microvoids and defects [28,30] which coincides with the improvement of the 
passivation quality [31].  
 
We notice a small change in Rmf after annealing. It has been suggested that the change in the hydrogen  bonding 
close to the interface can be undetectable in the bulk-integrating FTIR spectra [32]. This suggests that the 
improvement of a-Si:H/c-Si interface passivation by annealing can be due to the restructuring of hydrogen at the 
interface rather than bulk hydrogen diffusion mechanism [3,15,32]. This process involves the liberation of trapped 
hydrogen close to the interface between c-Si and a-Si:H [33]. It is also reported that the enhancement of a-Si:H/c-Si 
quality can be explained by a conversion of dangling bonds into a strained Si-Si bond [34].  
Moreover, based on our result, SiH2 which is present even in the intrinsic layers deposited at high temperature 
seems to be beneficial for the rearrangement phenomenon during annealing since it can act as a source of hydrogen 
[30]. One can conclude that the best passivation scheme after annealing occurs for the case of a dense deposited film 
with a fraction of dihydride at the interface which is in agreement with previous findings [15].  
3.4 Structural properties 
Aiming to clarify the dependence of passivation quality on film properties, we studied the structure of the a-Si:H 
films. Figure 7(a) presents the variation of the disorder parameter (Cb), obtained from the analysis of ellipsometry 
data using Tauc-Lorentz model, with the deposition temperature before and after annealing. It has been reported that 
the disorder parameter is related to the distribution of strained Si-Si bonds [15]. A monotonic drop in (Cb) with 
increasing the deposition temperature can be observed. A thermal post-deposition treatment leads to a further 
decrease for all deposition temperature. This means that higher deposition temperature give rise to denser films with 
lower dangling bond concentration, whereas a post-deposition anneal enables further improvement of the bulk and 
surface passivation. It is speculated that with more hydrogen incorporation at lower deposition temperatures, a 
considerable degeneracy of the silicon network quality occurs, accompanied with a rise in the void fraction, which 
can even imply an uncovered c-Si surface part [34]. Upon annealing, no significant H bonding change occurs, 
according to our previous results, but most probably an equilibrium between the heterointerface and the a-Si:H bulk 
is established, involving short-range H diffusion and local network redistribution [3,34].  
\ 
Fig. 7. (a) Corresponding disroder parameter (Cb)of intrinsic layer versus deposition temperature before and after 1h annealing at 200°C (b) 
Raman spectra of a-Si:H thin films deposited under different substrate temperatures after 1h annealing at 200°C   
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Fig.7.(b) depicts the Raman spectra of intrinsic a-Si:H layers deposited at two different temperature i.e. 150°C  
and 200°C after undergoing a post-treatment at 200°C for 1hour. The typical Raman spectrum of amorphous silicon 
is characterized by four bands with the most intense peak located at 480 cm-1 (Transversal Optic TO mode). The 
other modes are found at 380 cm-1 (Longitudinal Optic LO mode), 301 cm-1 (Longitudinal Acoustic LA mode) and 
150 cm-1 (Transversal Acoustic TA mode) which are sensitive to variations in bond angle (a) in an a-Si network [35]. 
It is well known that all cited phonon modes are Raman active for a-Si:H. While for c-Si, all other modes are not 
Raman active because of symmetry in the face-centred-cubic (fcc) lattice, then, the Raman spectrum consists of a 
single sharp TO mode at frequency of 520 cm-1 [36]. Due to detection limit imposed by the device to such thin layers 
(30nm), the broad characteristic TO peak of a-Si was not observed. Thus, we will limit our analysis on the remaining 
mode peaks. We observe that the relative intensity ILA/ITO increase with decreasing temperature which point out 
increase in defects in a-Si:H films [37]. In addition, a low deposition temperature induces a rise in ITA/ITO that 
reflects a lowering in the order in the short range [38]. All these indicate that higher deposition temperature causes a 
structural improvement in intrinsic a-Si layer and enables the annihilation of the defects and stress in the films. 
These findings seem consistent with previous FTIR analysis i.e. the congregated hydrogen atoms and polyhydride in 
the amorphous network are strong responsible for the defects of the films, while monohydride bonding leads to 
better passivation properties. 
4. Conclusion 
We have studied the evolution of the surface passivation quality of n-type (100) c-Si during post-deposition 
annealing for layers deposited at temperatures between 150-200°C. We find that, for layers deposited at lower 
temperatures, the SiH2 bond density is higher. This could result in high defects density and strain in a-Si films. In 
addition, a higher annealing temperature provides a better surface passivation. The best improvement of passivation 
quality was accomplished for dense deposited film with a fraction of dihydride acting as a source for hydrogen 
rearrangement at the interface. We speculate that post-deposition activation in this temperature range leads to the 
restructuring of hydrogen at the interface rather than a bulk hydrogen diffusion mechanism. Combining a 30nm 
layer deposition at 200°C with an optimized post-deposition anneal, a maximum effective lifetime of 10ms was 
achieved. 
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